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SUMMARY 

Since  the  shock-in-rotor type supersonic  conpressor must reduce the 
relative veloci ty  t o  a Mach  number of 1.0, the poss ib i l i t y  of UtfiiziW 
the r e l a t ive ly  good charac te r i s t ics  of the spike-type  diffuser i n   t h e  
supersopic compressor was considered. The pr inc ip le  of the spike-tne 
diffuser (external compression) was appl ied  to  a 16-inch  compressor rotor .  
The external compression was to a Mach  number of 1.0 i n  the passage en- 
trance  region. With this  compressor rotor ,  the design  entrance  conditions 
could  not be established. The cantpressor ro tor  blade was therefore mod- 
ified to  decrease the external  compression and the area contraction 
r a t i o .  The modified  compressor ro tor  more nearly  achieved the design 
entrance  conditions, a s  indicated by a decrease in   devia t ion  from design 
i n l e t   r e l a t i v e  angle from 6.6O for  the or ig ina l   ro tor   to  3.3O fo r  the 
modified  compressor rotor .  

The modification t o  the compressor rotor ,  which r e su l t ed   i n  a some- 
what closer  amroach t o  the design  entrance  conditions,   resulted  in at 
increase  in  design-speed maximum to ta l -pressure   ra t io  from 2.20 t o  2.27 
and in   ad iaba t ic   e f f ic iency  from 0.72 t o  0.76. The maximum equivalent 
weight flow increased from 21.4 t o  23.2 pounds per  second. An analysis 
of  the  off-design  performance  indicated that in neither  configuration 
was the minimum area  uti l ized  effectively.   Apparently,   f low  aeparation 
due to   the   rap id  change in   d i r ec t ion  of the suction  surface was encoun- 
t e r ed   i n  the or ig ina l   ro tor .  Whereas this change'in  direction was re- 
duced i n  the modified  rotor, the Mach  number st which a normal-shock - 
boundary-layer in te rac t ion  was encountered at the off-design value was 
increased and may have r e s u l t e d   i n  flow separation. 

The design of compressor stages wlth high flow  capacity  and high 
s tage  pressure  ra t io  results i n  high inlet axial Mach  number and high 
wheel speed, which combine to  give  supersonic  velocities relative to the 
rotor  blade row. Compressors  which u t i l i z e  relative  supersonic  veloci- 
ties a re - r e fe r r ed   t o  as supersonic  compressors. One method of u t i l i z ing  



2 W A  RM E54G27a 

these  supersonic  relative  velocit ies is to  decelerate the flow i n  the 
rotor  passages. Each passage may then be.conside.+-ed.a  supersonic dif- 
fuser. This type of compressor .. has . been . . . . referred . . .  . t o  as . .. the shock-'in- 
rotor  type  supersonic compressor. 

Initial.  consideration of shock-in-rotor type supersonic  compressors 
was made by the W A  in  reference 1. Experimental  performance of sever- 
a l  rotors  of the  shock-in-rotor  type was reported  in  references 2 t o  4. 
The observed  performance has generally  given  pressure  ratios  of  about 
2.0 and eff ic iencies  from 0.75 t o  0.80 for  the rotor  alone. The pres- 
sure   ra t ios  that were at ta ined were considerably below the  design  value 
of about 3.0. In  addition, the ex i t  flow  distribution was generally 
unsatisfactory. 

The failure t o  approach the design  pressure  ratto has been a t t r ibu ted  
i n  part to  the--lack of e f f i c i en t  subsonic  diffusion.  Possible  reasons 
fo r  the- lack of CiifYusion were considered  to be a severe  redietributlon 
of the flow caused by radial  pressure  gradients  behind the shock  and a 
f low eeparation  caused by a shock - boundary-layer interaction. An in- 
vestigation i n  which the unbalanced r a d i a l  pressure gradients were re- 
duced was conducted (ref'. 4).  . The-reduction of radial pressure  gradient 
did not  appreciably improve e i ther  the subsonic  .diffusion or  the flow 
distribution. The principle  cause  of the poor  performance was then at-  
t r ibuted to separation  caused by the shock - boundary-layer interaction. 

To reduce the tendency of the flow to   separate  at the shock - 
boundary-layer  interactron, the Mach  number ahead of the shock should 
be made as close  to 1.0 as possible (ref. 5).  One method of reducing 
the Mach  number at which the strong shock  occurs ip the_couxpressor b l ade  
passage is t o  incorporate the spiked-ddffusgq prhc+@e. Besides re- 
ducing the Mach number, such a design may be  expected to reduce the f i o w  
velocity with a relatively  high  total-pressure  recovery. To apply  this 
principle of external  compression t o  couqressor b+des, the  suction sur- 
face  near the leading edge should. be contoured t o  produce. weak compres- 
sion waves ahead of the rotor  passage  entrance  in a. mq+er a+ogous t o  
the spike of a spiked -diffuser. The d e s f g n i f  compressar blad-ing incur- 
porating this principle i s  cons-idered r e f e r e n c e .  6;along -. the  exper- 
imental  performance i n  weon-12 of a ro tor   u t i l i z ing  . t h e  spiked-diffuser 
principle-. The design  flow  conditions  into the rotor  of reference 6 were 
not obtained,  and  the gerfo-nce shawed l i t t l e  if any improvement over 
previous  rotors. The f a i l u r e   t o  establish the  design  entrance flow con- 
di t ions.was  a t t r ibuted  to   the  effect  of the Leading-edge thickness. 

The subject  rotor was investigated to obtain  further  information 
concerning the entrance flow in to  blading incorporating  the  spiked- . 

diffuser  principle.  ; Experimental. p6rformance .ygs obtained with -air a8 
the  test-medium, f irst  with -.external wave system  designed to   give 
isentropic compression t o  a Mach number  of 1.0 at the  passage-entrance. 

. . - ". 
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The entrance  section.of t h e  .suction  surface was then  recontoured  to re- 
duce the amount of e x t e r n a l   c e r e s s i o n .  t o  values established in refer- 
ence 6 for  the  given  weQe  angle. The modFfication also incorporated an 
allowanke for the blade  leading-edge  thickness. This report   presents  the 
performance  of the two rotor  configurations and an  analytical   investiga- 
t i on  of the off-design  losses-and  operation of these  configurations. 

Blade Design 

The applicatlon of the spiked-diffuser  principle  to  the  entrance 
section of a conrpressor blade is i l l u s t r a t e d   i n   f i g u r e  1. (Symbols used 
i n  t h i s  report   me  def ined  in  appendix A.) The entrance flow direction 
2s determined by the region of the suction  surface (a-b), which l ies  
ahead of the Mach l ine   o r ig ina t ing  on the suction  surface  and'lntersect- 
fng  the  leading edge of the following blade  (ref.  1). Weak compressions 
are then formed by  contouring the suctlon  surface (b-c) behind this Mach 
wave (from b t o  a). 

For the design  condition of the  rotor ,  a t i p  speed of 1600 fee t   per  
second  and a hub-tip  radius  ratio of 0.75 w e r e  selected.  The entrance 
axial Mach  number at the t i p  was selected as 0.73. 

The velocity diagrams for   the   o r ig ina l  compressor rotor  are  given 
in   f igure  2. Inlet guide vane6 were incorporated in   order   to   obtain 
simple radial   equilibrium f6r a Mach number of 1.0 in t he  passage 
minimum-mea section. This resulted i n  a guide-vane turning  variation : 

of 3O t o  26O from the r o t o r   t i p   t o  hub section. The relat ive  entrance 
Mach number varied .from 1 .71  at the rotor  t i p  to 1.61 at the ro tor  hub 
section. The design  weight flow w a s  26.77 pounds per second and the 
design  total-pressure  ratio was 2.79 w i t h  an assumed adiabatic  efficiency 
of 0.85 ahd w i t h  a deficiency in ex i t  area of 10 percent. 

With the entrance  vector diagram thus  determined,  the  blade  entrance 
shape was obtained by the method of character is t ics .  The ro tor  was de- 
signed with 29 blades. The suction  surface was contoured t o  obtain  isen- 
t ropic  compression t o  a Mach  number of 1.0 at the passage  entrance  region. 
Figure 3(a) shows a sketch  of  the  design f l o w  configuration and the blade 
coordinates at the pi tch  sect ion.  The blades are thickened  near the 
leading edge to  obtain  the  necessary  mechanical  strength  wtthout a large 
wedge angle (between suction'surface and pressure  surface). This re- 
sults i n  a compression wave and subsequent  expansion waves of small 
magnitude. After the minimum-area region, the suction  surface of the 
blade Vas faired with-  an area  variation  correspon6ing  to a cone of 6O 
included angle. The blade trailing-edge  thickness w a s  0.025 inch. The 
blade sections are cons%ructed for  the  t ip ,   p i tch,  and hub radii. The 
blade-section  centers of gravity were alined i n  the   rad ia l   d i rec t ion ,  
and the blade  surfaces were fa i red  between three  sections.  
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The or ig ina l  compressor ro tor  was modified by reducing the maximum 
change in   angle  of the compression ramp t o  

a s  given in   reference 6. The velocity diagram fo r  the modif'ied coqpres- 
sor ts given in   f i gu re  2, and a sketch.of  the design flow configuration 
and the b l a d e   c o ~ d f m i t e s  at the pi tch  sect ion are shown i n  f igure  3(b). 
The suctlon  surface was altered by removing the thickened  portion nee2 
the leading-edge  section so that from the leading edge to   t he  start of 
the compression wave system vas a straight line  (along a-b, f i g .  1). 
The Smau. leading-edge  thickness was considered  to  r .esult   in a s l igh t  
angle  of  incidence and a corresponding  Vave.system at the leading edge 
of the ro tor  blade (not shown on i l l u s t r a t i a u )  as indicated in reference 
4. In   thcmodif icat ion a boundary-layer  allowance  of 0.010 inch  per 
inch was considered  .to start at the courpression ramg (b-c, fig. 1) and 
was removed from the  bla&.thickness  in  constructing the b lade  prof i le .  
The modification  of the external wave system re su l t ed   i n  a reduction of 
r e l a t ive  Mach number from 1.62.-to 1.43 st the rotor   pi tch  sect ion.  The 
minimum area was then  determined by modifying the isentropic area r a t i o  
by the  l imgting  contrac€ian  ratio  for a M.ach number of 1.43. The sub- 
sonic  portion was then  fa i red  to   the  exis t ing blade section. Blade -8ec- 
t i o m  were determined fo r  the hub, pi tch,  and t ip  sections of' the   rotor  
and were faired radial ly .  The modified  configuration  resulted i n  a de- 
s ign  f l o w  of 25.64 pounds per  second. A photograph of the   ro tor  with 
the  original  blades is shown-An f igure 4.  

Variable-Component Test Rig 

The compressor test rig of  r.eferences 7 and 8 was modified so that 
the compressor rotor  could be investigated with air as the test  medl- 
urn. The w e i g h t  flow was measured by a 21.5-inch thin-plate open-end 
o r i f i ce .  The inlet piping  system was revised  to  permit  qperation of the 
r o t o r   i n  refrigerated air from the  service system with an adjustable 
o r i f i c e   t o  measure the weight flow. The ro tor  u w  driven by a 3000- 
horsepower variable-frequency motor with a speed  control  through a speed- 
increaser  gear  to  provide  the design speed of  approximately 20,OOO rpm. 
A sketch of the test r i g  is  shown i n  figure 5. 

Instrumentation 

"he pressure drop over the open-end o r i f l c e  %E measured by a 
micromanometer, and the i n l e t  temperature was measured  by twlo iron- 
constantan  thermocouples. For that portion of the  investigation In which 
the ad jus tab le   o r i f ice  was used, the pressure d r q p  was m e a s u r e d  with a 
water U-tube and the inlet  temperature was measured by two iron-constantan 
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thermocouples. The temperature of the inlet  aepression tank (4 f t  i n  
diameter by 6 f t  in   length)  was measured by six iron-constantan thermo- 
couples at the centers of equal  annular  areas, and the pressure WRS ob- 
tained by the average of four equally  spaced static taps. 

Survey data were obtained at three axial s ta t ions  with the instru-  
ment probes s.hown i n  figure 6. The guide-vane turning was obtained by 
a minature c l a w  at instrument s t a t ion  I, located 0.8 inch ahead of the 
leading*edge o f  the ro,tor t ip  as shown on figure 5. The rotor  perfom- 
ance WBB obtained at s ta t ions 2 and 3, located dis€aUCeS of 1.6 and 
7.25 inches,  respectively,  behind the ro tor - t ip   t ra i l ing  edge. Each 
atat ion had temperature, total-pressure claw,  and static-pressure  probes 
( f ig .  6 ) .  The temperature  probes were spike-type  iron-constantan  ther- 
mocouples combined wi th  dir-ect-ion-sensitive  pressure  tubes or a s.imilar 
probe including a total-pressure tube. The radial surveys were taken 
at 10 radial stations w i t h  automatic  survey  actuator equipment. 

The compressor rotor  w w  operated  over a range of speed from 50 t o  
100 percent  design speed. Irii-et pressure was maintained between 25 and 
28 inches mercury absolute for all r u m .  The compressor ro tor  perform- 
ance was obtained from open throt t le   to   audible   surge f o r  each speed by 
adjusting the discharge  tbrottle. The design  speed  portion of the rotor  
performance curves was obtained in   re f r igera ted  air to  reduce the ro- 
t a t iona l  speed of the rotor.  The.rotor performance was computed by the 
survey data at s ta t ion  3. The conrputational method was s i m i l a r  to  that 
of reference 3. 

The 16-inch  supersonic-compressor rotor  with external conrpression 
to  a Mach number of 1.O.was experimentally investigated  over a range of 
speed from 50 t o  100 percent  design  speed. The over-all performance 
data (fig.  7(a))  indicated that the wefght flow was somewhat lower than 
the design w e i g h t  flow and that the performance was  r e l a t ive ly  poor. 
Thus, from these over-all data it can be assumed that the design en- 
trance  conditions were not established. The compressor ro tor  was mod- 
i f ied as described i n  a preceding  section and operated  over the same 
range of conditions as the or ig ina l  cou~preesor rotor .  The data fo r  the 
two configurations will be presented  together  in the follo.ytng  section 
80 that the two configurations  can be comared as the data are presented. 

b 

Over -All Performance 
. .  

i . ,  . .  

The mass-averaged total-pressure  ratio,   adiabatic  efficiency, and 
equivalent weight flow a r e  presented i n  figures 7(a) and (b) f o r  the 
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or iginal  and modified compressor rotors .  The or iginal  compressor rotor 
obtained a peak total-pressure ra t ia  of 2.20 and an  adiabatic  efficiency 
of 0.72 at the deeign  speed. Modifying the compressor rotor  resulted 
i n  an  increased  total-pressure  ratio of 2.27 and  adiabatic  efficiency of 
about 0.76. The modification also resulted i n  an  increase  in m&imum 
equivalent weight flow from 21;4 t o  23.2 pounds per second. The modified 
rotor  obtained  approximately a 5-percent  reduction i n  weight  flow as  the 
back pressure was increased a t  design speed. hch-compressor  charac- 
t w i s t i c s  have  been obtained  in.other  supersonic-compressor  rotors 
(re. 9 )  and are at t r ibuted t o  the  occmrence of a strong shock  ahead 
of the  compressor blade passage. 

The rotor   character is t ic  of the shock-in-rotor conrpressor usually 
approached a constant we-ight f low near  design  speed (refs. 2 t o  4) .  
Rotors similar to  open-throat  convergent-divergent diffusers exhibited 
this near-ver t ical   character is t ic   ( ref .  1). In this  case,  forcing a 
shock ahead of  the pass.age f roa . the  minimum section would produce a dis- 
cont inui ty   in  performance. The r o t o r   i n  this investigation  should  follow 
more closely the c.haracteristic of .the  spike  diffuser, which does not 
exhibit a discont inui ty   in  performance a t  the point-where the mas8 flow 
begins to  decrease. Thus, the slight decrease  in weight  flow was antic- 
ipated for  this type of supersonic-conlpressor  rotm.. 

For both  rotors the maximum rotor  efficiency a t  each  speed m6 
nearly  constant,  with a s l igh t  tendency  toward  increased  efficiency at 
low speeds. The range of equivalent weight flow  increases as the  speed 
is decreaaed, with the increase  in  range being  sl ightly  larger  for the 
modified courpressor rotor .  

Inlet Conditions 

The measured inlet conditions  for  the two rotor   configurat ions  a t  
the point of highest total-pressure  ratio  obtained at the maximum weight 
flow (points A and B of figs.   7(a) and (b) ) along with the inlet   design 
conditions are Indicated  in  f igure 8. This is considered the point which 
mst closely approaches the design  flow  configurst.ion. The original  com- 
pressor  rotor  operated  with a deviation frqm design relative inlet flow 
angle of  approximately 6.60 at   the   pi tch  sect ion.  . This dlscrepancy be- 
tween measured and  design va lues  does not change appreciably from hub 
to   t ip   sect ion.  The design relative inlet angle. was increased  sl ightly 
i n  the modified rotor,  and the measured angle i s  about J.3O higher  than 
the design m u e  at the rotor  pitch  section. 

The measured inlet ax ia l  and re la t ive  Mach numbers are indicated i n  
figure 8. The design axial Mach  number at the pitch  section of the orig- 
inal compressor rotor was 0.72 and the measured value was 0.49. The 
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modification  resulted in a reduction i n  the design axial Mach  number t o  
0.65 and. an  increase i n  observed axial m c h  number .to 0.53 at  the rotor  
pitch  section. The r e l a t ive  inlet Mach  number resul t ing from the   in le t  
flow angle  and axial i n l e t  Mach  number is  also shown i n  figure 8. The 
design relative inlet Mach  nuinber -at- the pi tch  sect ion of the or ig ina l  
rotor  was about 1.64 compared W t h  a measured va lue  of 1.47. The mod- 
i f i ca t ion  changed the design  value  to 1.56, and a measured value  of 
1.50 Ms'obtained. Thus, the va lues  given i n  figure 8 indicate the 
large  discrepancy between the design and the measured inlet conditions 
and the f a c t  that the modification  described improved s l igh t ly  the agree- 
ment between the  design  and measured values. 

Outlet  Conditions . 

. 
L' 

The performance  parameters fo r  the two compressor configurations 
measured at. the rotor  discharge at design meed and at the point of 
highest   total-pressure  ratio  obtained at m a x t m m  weight flow (points 
A and B of figs. 7(a)  and (b)) a r e  shown i n   f i g u r e  9. The to t a l   p re s -  
sure i s  the highest   for the t ip  section for both  rotors.  For the orfg- 
inal rotor  the total-pressure  ra t io  a t  the rotor  hub section is 1.98 
and.at.the t ip   s ec t ion  is about 2.17, whereas the  modified compressor 
rotor  varies from about 1.99 to about 2.21. The adiabatic efficiency 
for   the  or iginal  compressor rotor  varies from 0.76 near the ro tor  hub 
t o  0.62 near the ro to r   t i p .  The modified compressor rotor  obtained an 
adiabatic  efficiency of 0.79 near the hub t o  0.64 near  the  rotor tip. 
Thus, the modification has r e s u l t e d   i n  imgroved performance along the 
complete ro tor  blade. The uni t  mass flow over the compressor radius is 
indicated  in  figure 9 for  both  configurations. Similar to   o ther  
supersonic-compressor  rotor6 of the  shock-in-rotor type, the or ig ina l  
rotor  indicated a very low uni t  mass flow at the  rotor  t i p  section. 
The modified compressor ro torobta ined  a higher weight flow Over the 
en t i r e   ro to r  passage with a lazg-er percentage of the mas8 flow passed, 
through the   ro tor  t i p  section. 

The relative  discharge  conditions are shorn in   f i gu re  10. The ,rel- 
a t i v e  discharge  flow  angle  for the o r ig in&  cq reaso r   ro to r   va r i ed  
from  about 61.0' t o  about 77.5*. The excessively high flow angle a t  the 
r o t o r   t i p  is typica l  of experimental results for  shock-in-rotor type 
supersonic-compressor ro tors .  The modified  rotor shows the same tend- 
ency  of high re l a t ive  flow angles at the ro tor  t l p  wlth the measured 
t i p  floy  angle  being  about 750. The modificatlon  resulted  in  very little 
change i n   r e l a t i v e  flow angle at the hub. 

The relative total-pressure  recovery fpr the two configurations is  
shown i n   f i g u r e  10. For the  origlnal  coqpressor  rotor the recovery is 
about 0.84 a t  the  rotor  hub"sec-%ioh' and decreases  to  about 0.69 a t  the 
rotor   t ip   sec t ion .  The modified  rotor  configuration  resulted  in a 
total-pressure  recovery of about 0.84 at the hub and is reduced  to  about 
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0.72 at the ro tor   t ip   sec t ion .  Thus, the total-pressure  recovery  for  the i 

two configurations is about  the same at the rotor.hub  section and is 
improved s l i g h t l y  a t  the  rotor  t ip  section. 

The relative  discharge Mach  number for   the two rotm  configurations r 

is shown i n   f i g u r e  10. For the or iginal   configurat ion  the  re la t ive dis- 
charge Mach  number varies from about 0.75 t o  about 0.64 from the hub t o  
t ip   sec t ion .  The modified  rotor  obtained a relative  discharge Mach num- 
ber range of about 0.74 t o  0.67. Thus, the modified  compressor ro tor  
has a relative  discharge Mach  number s l i g h t l y   h i a e r  at the tip section rn 
than the or ig ina l  compressor rotor .  CD 

M 
pr) 

DISCUSSION OF RESULTS 

Entrance Flow Conditions 

"he design  entrance  conditions were not established w i t h  the 
external-compression.  supersonic-compressor  rotors. used in t h i s  inves- 
t igat ion.   Similar   dif f icul ty  was experienced w i t h  the  compressor ro tor  
of reference 6. When the coqpressor is operating  off  design, the losses  
at the rotor  entrance  section may be qui te  large, preventing  the design 
mass flow from passing  through the- mlnimum area, o r  conditions may ex i s t  
causing flow separat ion  in  the rotor  passage and thus  rendering 8 por- 
t i on  of the flow passage  unavailable. One or  both of these fac tors  may 
prevent the ro tor  from establishing. i t s  design  entrance  condition. 
Local f low separation on the suction  surface may also prevent  the estab- 
lishment of the design compression-wave system. A study of the   losses  
and the accompanying u t i l i za t ion   of  the passage minimum flow area will 
be considered in the following  discussion. 

Equivalent  supersonic  cascade  operation. - . T h e  influence of flow 
separation was invest igated  analyt ical ly  by .computing the performance 
of the  cascade. The cascade  geometries were equivalent t o  the rotor  
pi tch  sect ions used in t h i s  inveetigation. No reliable information 
concerning the extent of the boundary-layer .build-up or   the   poss ib i l i ty  
of flow separation a t  the passage minFmum-area section is available.  
As a consequence, the.flow area required for  a flow Mach number of 1.0 
expressed as a f rac t ion  of t he  geometric  area was considered a variable 
and was termed the effect ive min-irmlm area. 

Operation of the  cascade  ak.incidence angles other  than  design 
would require an  extended wave  syElte&(bow naves). The total-pressure 
recovery through the wave syst-em and the required  effective minimum 
area  can  be  approximated f o r  .any given  incidence  angle  and  entrance 
Mach  number 88 given i n  appendix B. The results of t h i s  computation for 
the cascades  representing-the  original and  modified  compressor ro tors  
are presented  in  f igure U. Curvers of constant Mach  number are p lo t ted  
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I 
over  a range of suction-surface  incidence 
area. Calculated  total-pressure-recovery 
f igure  . 

angle against   effect ive minimum 
contours are also shcm on this 

Operation with the desigu wave configuration would require  an inc i -  
dence angle   o f . suf f ic ien t  magnitude to  account  for  the leading-edge thick- 
ness  (the  original  cascade wpuld require  about 2.00 and the modified 
cascade would require  about 0 .lo). A deficiency  in  minimum area would 
i n  general  result..&p  .an  increased  incidence  flow’angle  and would be accm- 
panied by a bow wave. The cascade of the o r i g i n a l  coupressor  rotor  blades 
operating st a Mach number of 1.65 would require.  an ef fec t ive  r.nhimum area 
of 1 .0  t o  achieve a suction-surface  incidence angle of 0.9’. The modified 
cascade, on the other  hand, indicates that the design  entrance  conditions 
could  be  achieved a t  an  entrance Mach  number of  1.65 with an  effect ive 
minimum area  of 0.98. The reason  for this  difference is the allowance 
made f o r  boundary l a y e r   i n  the design of the modified blade section. 
A def ic iency   in  effective minimum a rea   i n   t he  mdified cascade r e s u l t s  
i n  a smaller incidence angle than with the original  cascade  for  given 
inlet Mach number.  The calculated  total-pressure  recoveries  for the 
modified  cascade  result   in curves of different   s lope  than  for  the or ig ina l  
cascade; t h i s  is a r e s u l t  of the change i n  magnitude of the   losses  com- 
bined  to  obtain  the  calculated  total-pressure-recovery  variation with 
incidence. , The e f fec t  of  decreasing the iflet Mach n u d e r   f o r  a f ixed  
e f fec t ive  area r a t i o  i s  t o  increase the required  incidence angle fo r  
both  cases. The original  rotor  tended  to  decrease the total-pressure 
recovery  s l ight ly  a t  lower Mach numbers and  f ixed  effective areas, while 
the modified  rotor  tended  to  increase the recovery  sl ightly.  I n  spite 
of the change in   s lope’df  the tot&-pressure-recovery  contours, at a 
given  inlet  Mach number and  incidence  angle, the entrance-region t o t a l -  
pressure  recovery is  always h-r i n  the or ig ina l   than   in  the modified 
cascade. 

Relation of  constant-speed  rotor  operation  to  cascade. - The rotor-  
inlet r e l a t i v e  Mach  number fo r  a given  incidence angle was ccmputed with 
the design  rotor  speed and  guide-vane  turning. T h e r e l a t i o n  between 
design-speed  rotor  and  cascade  operation is shown i n   f i gu re  ll. The 
compromise made in  the  modification  can be lJJ-ustrated by  comgaring the 
ro tor  performance l i nes .  T& or ig ina l   ro tor  youla obtain a very high 
total-pressure  recovery (0.975) provided its entrance  conditions could 
be established.  Since it m s  not  possible  to  obtain the small design 
angle of incidence, the ro tor   cont rac t ion   ra t io  was reduced by the  de- 
scribed modification. In  so doing, t he  entrance-section  t0ta-L-pressure 
recovery would be reduced at the  design  incidence  to  about 0.928. 
However, at increased  incidence angles the calculated  losses  i n  the inlet 
sect ion do not increase as rapidly for the mdi f i ed   ro to r  as the   losses  
computed for  the or ig ina l   rq tor .  With ef fec t ive  minimum areas less than 
0.97, the inlet total-pressure  recovery is higher f o r  the modified ro tor  
than for the original. rotor.. . 
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The upximum and mtnimum weight-flow data points   for  the' two rotor 
configurations are shown i n  figure U. 'J!4e maximum weight-flow  point 
represents the closest  approach  to the design  entrance flow. The mod- 
i f i c a t i o n   t o  the ro to r   r e su l t ed   i n  a reduction  in  incidince  angle from 
6 .6S0 t o  3.3'. The effect ive minimum area for both  configurations was 
low and  approximately the same (or iginal  0.89, modified-0.90). These 
maximum weight-flow  points are- obtained i n  the region where the t o t a l -  
pressure  recovery  for the modified  rotor WDuld be higher than  that ob- 
ta ined  for  the or ig ina l   ro tor   (or ig ina l  0.86, modifiea 0.91). This i s  
substantiated  by the s l i g h t l y  higher performance l e v e l  of the  modified 
compressor ro tor .  

Flow separation  effects.  - The effec-tive minimum areas obtained  in  
t h i s  invest igat ion  indicate  area deficiencies greater than  those  ex- 
pected  from  normal..boundary-layer  build-up. It can be assumed that sep- 
arated flow  regions  exist  near the minimum-area section. With the flow 
assumed t o  follow the blade surface  near  the leading edge, the gradients 
near  the  suction  surface of the blade were.computed and  a rc  shown i n  
f igure 1 2 .  For the  original  rotor  configuration.a.fladual  reduction i n  
Mach  number occurs.  For  the  estimat&d bow-wave pos'it.ion  (for the maxi- 
mum weight-flow  operattonal  pofnt at maximum pressure   ra t io) ,  the ind i -  
cated  suction-surface Mach  number is about 1.23. Tbis Mach  number i a  
lower  than'those usuallgr associated with boundary-layer  shock  separations 
for  turbulent boundary layers .  The modified  compressor rotor  near i ts  
operation  point results i n  a higher Mach  number at the bow wave, which 
is sbove the Mach  number associated with boundary-layer  separation. This 
boundary-layer  separation  associated  with the bow  wave  may be the cause 
fo r  the low ef fec t ive   a rea  for  the modified  campressor  rotor. 

It was indicated that f o r  the original  rotor  the  f low  probably did 
not  separate at the bow wave. .However, the  large amount of external com- 
pression i n  t h e  or ig ina l  compressor rotor resulted i n  a very  rapid change 
i n  blade suction-smTace  direction at the minimum-area posit ion.  Thus, 
the low ef fec t ive  area obtained for the  or iginal   rotor  may be due to  flow 
separation at the minimum-area section because of the rapid change i n  
blade surface  direction. 

. .-  ... . . . .. - .  

The preceding  considerations  resulted  by assuming that the  flow 
followed  the  suction  surface of the  blade near  the  leading  edge.  Similar 
t o  the  effects  observed in spike-type  diffusers  of the do&leIcone  variety 
( re f .  lo), the  flow iaay separate from the suction surface  ahead of the- 
compressiodnwave system, thus  causing the compression waves t o  fall d e a d  
of the  passage  entrance and to  result i n  an increase  in  incidence  angle.  
The magnitude  of t h i s  effect can not be determined f r o m  these data, al- 
though by considering  the  blade shape the   e f fec t  may be more pronounced 
i n  the or ig ina l  compressor rotor .  - 

- - .  
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Estimated Performance  of  Subsonic Portion of Rotor  Passage 

The measured over-all  recovery at the  pi tch  sect ion i s  tabulated 
in f igure ll. Since this figure indicates the comguted recovery  over 
the rotor  inlet section, it is poss ib le   to  estimate the recoveries   in  
the  subsonic  diffuser  section. A comparison WELL be made a t  the audible 
stall point for each  rotor. The original  rotor  obtained a measured over- 
all recovery of 0.81 at t h i s  point, a t  an  incidence  angle of  about 8.2’, 

LEl for  which the computed inlet-section  recovery was about 0.835. Thus, 
% the subsonic  diffuser  section  of  the  rotor must be operating with a to t a l -  w pressure recovery  of 0.97. These values are to be compared with  the 

modified ro tor  where a measured over-all  recovery of 0.82 was obtained 

pressure  recovery Was about 0.89 and the  recovery in the airfusion section 
was about 0.92. Thus, at the peak total-pressure-ratio  point, mdifica- 
t ion   t o  the rotor  has r e su l t ed   i n  a decrease i n  the performance of the 
subsonic d i f f u s e r  section of the rotor passage. This re su l t  m i g h t  be 

layer  build-up  or  flow  sepamtion was increased by the  modification  to 
the  rotor .  A t  the point  xbere each ro tor  approaches n e a e s t  the design 
point  (points A and B, f ig .  7) ,  a s i m i l a r  computatim  indicates that the 

modiftea  configurations,  respectively. 

- 
‘ at an  incidence  angle of about 4.5O. The computed inlet-sect ion  total-  

- .. 

ki 
I ,  expected  since, as indicated i n  the previous discussion, t h e  boundary- 

Y 
‘V subsonic  section  recovery was about 0.90 and 0.87 f o r  the or ig ina l  and ’4 

” CONCLUDIJYG REMARKG 

The analysis  of this investigation  indicated that neither the orig- 
i n a l  nor the modified compressor ro tor   u t i l i zed  the minimum-area portion 
of the rotor  passage  effectively. In  the case  of  the  original  rotor 
this may be the ef fec t  of the rapid change in   d i rec t ion  of the  blade- SUC- 
t ion  surface at the minimum section. The modification  to the ro tor  con- 
siderably  reduced the change in   d i rec t ion   requi red  a t  the minimum sec- 
tion; however, it resulted i n  an increase i n  the Mach number at which 
the normal  shock encountered  the  suction-surface  boundary layer. Appar- 
ently  both  conditions resulted i n  extensive  flow  separation, with the 
original  configuration utilizing the  minimum mea s l igh t ly  more effect ive 
ly. Thus, this type of modification  to improve the entrance  conditions 
has  not resulted in an a-reciable improvement i n  performance. It m i g h t  
be  expected that the best compromise between these conflicting  conditions 
would r e s u l t  i n  only a smaU improvement i n   r o t o r  performance. 

The data have indicated that, as applied to the rotors of this in-  
vestigation, the pr inciple  of external compression  could  probably  not be 
improved to  any large  extent by blade modifications  of the type  used. 

tfon  surface, the desirability of reducing the number of blades might be 
considered. For exauple, the best irqprovement that m i g h t  be  considered 
by reducing the number of  blades by half would be that the  deficiency 

- If the flow separation is assumed to  take  place mainly on the blade suc- 

.” 
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i n  minimum area might be  decreased by half. This would be accompanied 
by an  increase  in  inlet-section  total-pressure  recovery. O f  course, 
the three-dimensional effects were not  considered  in this case and the 
blade  chord would of necessity be longer. 

The preceding  diacussion has indica ted   the 'd i f f icu l t  problem of 
improving the p e r f o m n c e  0f.th.e extemal-compres6ion-type compressor . 
rotor .  (On a two-dimensional basis, a bas i c   d i f f i cu l ty   ex i s t s   i n  the 
idea of external  compression i n  that--the compression  of the  stream i n  
the passage  entrance  region must be accomplished  by  turning the flow i n  
the direct ion  opposi te   to  rotor rotat ion.  This i e  opposite  to the. a?.- 
r ec   t i on  of adding-  energy - t o  the- p u i d  and - r e s u l t s  -.in "the la rge  change in 
direct ion of the blade suction  surface at the minimum passage  section.) 
"he e f f ec t ' o f   ex t e rna l  compression is to  decrease  the s t r e d i n e   a r e a  
i n  the  blade inlet region-by a series of compression waves, t h u s  el?- 
fect ing a reduct ion. in  f l a w  Mach  number a t  the passage-inlet  closure 
l i ne .  The same e f fec t  on Mach  number could be obtained  by a radial .re- 
duct ion  in   s t reamline  area;  this would apparently  achieve the desired 
results vithout  turniug the flow  counter  to  the.-direction  of  rotation 
and without the accompanytng undesirable  features. Although no quantita- 
tive  statements  can be made, i t  .appears that this external-compression 
design on a three-dimensional basis may be more desirable t h a n  the two- 
dimensional-design  considered i n  t h i s  investigation. 

." . 

SUMMARY OF RESULTS 

The-results of this investigation of two configurations  of  external. 
compression  applied  to a 16-inch  supersonic-compressor ro to r  can be 
summarized as follows : 

1. With design  external  compression  to a Mach  number af 1.0, the 
compressor ro tor  was not able to  achieve the design  entrance  conditions. 
The reason  for  this  angle  of  incidence  of 6.6' t o  8.2' at the rotor  
p i tch   sec t ion  a t  design  speed  could not b.e-,fmcertained from the  experi- 
mental data. 

2. The modification t'o the  rotor  blades which reduced the external  
compressfon  and  decreased the design  contract ion  ra t io  was made t o  com- 
promise the  design  performance in   o rder  t o  improve the entrance condx- 
t ions.  This resulted i n  an  increase  in   peak  total-pressure  ra t io  from 
2.20 t o  2.27 and a corresponding  increase- in .adiabatic.&ff  iciency from 
0.72 t o  0.76, accompanied by an inc rease   i i equ iva len t  weight flow from 
21.4 t o  23.2 pounds pei- second and a decr&s@ In..deviatio.n from design' 
i n l e t  re la t ive  angle  from .6.6O t o  3.3O. The modified external-compression 
rotor more nearly  achieved the design inlet re la t ive  f low angle. 

. 

M 
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E 3. The analysis  indicated that neither the or ig ina l  nor  the  modified 
ro tor  u t i l i zed   the  min+um-area section  effectively,   indicating  the  pres- 
ence of extensive  boundary-layer  build-up  or f low separation. 

4. The invest igat ion  indicated  thi t t   th ia   type of modification might 
be  expected to  r e s u l t   i n  only  a Htnited improvement i n  performance. 
This type of modification  increaaes.the Mach  number a t  which a normal- 
shock - boundary-layer  interaction  occurs and thus reduces  the  advantage 
of external  compression. w w m 

CN 5. The analysis Fndicates that at l e a s t   p a r t  of the reason  for 
failure  to  establish  the  entrance  conditions is probably  the  lack of 
knowledge of the losses  accompanying the  boundary-layer build-u-g and 
flow separation in the  entrance  and  minimm-area  sections of the compres- 
8or ro to r  passage during off-design  operation. 

Gwis Flight  Propulsion  Laboratory 
Ra t iona l  Advisory C o m m i t t e e  fo r  Aeronautics 

Cleveland, Ohio, July 27, 1954 
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APPENDIX A 

SYMBOLS 

The follow-ing symbols are used i n  this report:  

area, sq f t  

c r i t i c a l  mea f a t i o  

contract ion  ra t io ,  t a e t  azea / tboa t  area; (design) 

distance from b h a e  leading edge d o n g  chord, i n .  

distance from blade'  chord t o  upper surface, i n .  

-incidence  angle, deg 

distance from blade chord t o  lower  surface, in .  

Mach  number 

Mach number r e l a t ive   t o   ro to r  

rotor  speed on basis of Mach  number 

number of ro tor  blades 

t o t a l  pres-sure, in. Hg 

tots pressure   re la t ive   to '   ro tor  

static pressure 

radius ,  f t- 

portion of passage spi l led (stagnation streamline displacement 
for an i n f i n i t e m s c a d e ) ,  Y,/(Xnr/n)cos Be ." 

. .  " 

blade thickness,  in. 

ro tor  speed, f t / sec  . 

f l o w  velocity,   f t /sec 

w e i g h t  f l o w .  airstandard  sea-level-  entrance conditions,  lb/sec c 

distance along abscissa i n  coordinate axis of cascade 

' I -  

" . ." 
. - - -. . . . . ". . . .. 

.. . . 
. - . -  .. . -..- . . 1 

. .  
c 

. -~ 

- 
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YS 

Y distance  along  ordinate  in  coordinate axis of  cascade 

B angle of air flow measured by  instruments from r i g  axis, deg 

B' angle of air flow relative t o  blade measured f r o m  r i g  axis, 

displacement of stagnation  streamline from blade tip 

deg 

6 angle of blade  suction  surface from coordinate  axis  in  cas- 

c blade leading-edge wedge angle; deg 

%a 

cade,  deg 

adiabatic ef f ictency 

0 angle of F n f i n i t e s i d  Mach wave meesured from coordinate 
axis of cascade,  deg 

e congression wave angle, deg 

Y Prandtl-Meyer angle, deg 

P density,  lb/cu f t  

cp maximum change i n  blade angle at ranq! section, deg 

Subscripts: 

a 

b 

C 

e 

i 

n 

U 

conditions ahead of cascade blade 

effective  conditions immediately  behind bow wave 

conditions at blade minimum section 

conditions between blade leading edge  and blade raw of cas- 
cade 

incidence 

point  along blade ran@ of cascade 

tangent ia l  component of ro tor  

a x i a l  ccmgonent 

upstream  stagnation  condition in depression tank 

instrument  survey  station 1 between  guide  vanes and rotor  
(fig. 5) 
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i n s t r u m e n t   s u r v e y  station 2 inrme’ditately behind rotor (fig. 5) e 

instrument-survey  station 3 downstream of rotor (fig. 5) 
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APPENDIX B 

COMPUTATION OF APPROXIMAT3 LOSSES AT ROTOR ENTRANCE SECTION 

17 

Considerable  difficulty has been  encountered in   es tabl ishing the 
desired  entrance  conditions  to  the  external-compression  supersonic- 
comgcessor rotors.  Reference 6 dealt with these problems  and indicated 
that theoretically,   for the supersonic  cascade  being  considered, the 
desired  entrance  conditions  could be established. Methods s i m i l a r  t o  
those of the reference will be applied  to the or ig ina l  and  modified 
compressor ro tors  used i n  this  investigation. 

A cascade of blades operating a t  supersonic  velocities  and with- 
out back pressure  or  choking fixes the upstream flow direct ion parallel 
to  the blade  suction surface at the closure  l ine.  The c losure   l ine  may 

'be defined as the Mach line  generated on the suctFon surface and in te r -  
secting the leading edge of the adjacent blade. ("s condition has 
been discussed i n  refs. ll and 1 2 ) .  Lowering the back pressure  or rais- 
ing it s l igh t ly  as long as it  does not affect the c losure   l ine  KLll not 

it affects   the  f low (by diffusion t o  subsonic  velocities  or  over the en- 
tire region) a t  or ahead of the  closure  l ine,  the i n l e t  flow configura- 
t ion w i l l  be changed. The result  will be an  increased  flow  angle  into 
the cascade. In  order that the flow may enter at th i s  increaeed  angle, 
expansion waves must pass upstream  of the cascade  and  they must be ac- 

Th€s off-desiga  entrance  configuration,  supported by the application of 
back pressure on the cascade, determines the magnitude of the losses 
encountered. Tu v i e w  of these losses,  the minimum flow area may not be 
suf f ic ien t   to  pass the mass flow. I n  t h i s  case the strength of the bow 
wave must be increased  to  support  further  adjustment of the upstream 
flow. On the other hand, i f  the losses  are such that the minimum-area 
section can pass the mass flow at a Mach  number of 1.0 or less, the off -  
design  configuration descr.&bed can  exis t  as a somewhat stable operating 
condition. I n  the case of tlie compressor rotor ,  it must be possible   to  
obtain  the  design  entrance  conditions  by  reducing the back pressure. 
This  can.be done only  as long as the Mach number at the minimum section 
is less   than 1.0. To determine the off-design  characterist ics and the 
flow conditions at the minimum-area section, a knowledge of the entrance- 
section  total-pressure  recovery is necessary. In the following  discus- 
sion, these losses are approximated. 

k V  
I alter the upstream  conditions. If the back  greseure is increased  unt i l  
3 

a comganied by a bow  wave to  support them i n  the steady state (see  f ig .  13) . 

Methods 

- The assumed flow  configurations for this off-design  operation of 
a cascade of blades is shown i n  figure 13. In this case the flow is ' 
assumed restricted by the throat area, which caused the bow wave at the 
passage  entrance  (designated d-f i n   f i g .  13). After - passing  through the 
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bow wave, the flow is turned  to  the  suction  surface of the blade  by a 
ser ies  of expansion waves (originating at a ) .  The flow between the 
blade. suction  surface  and the stagnation  streamline must pass through a 
ser ies  of compression waves (region b-d-e)  and a normal  shock near  the 
passage  entrance  (e-a). The norm8l shock is  considered a8 an extension 
of the bow wave t o  the blade  suction surface. The bow  wave (d-f}  and 
the normal  shock extension (e -d )  are the twu sourceB of loss that are 
t o  be considered. The losses   in   the  bow  wave have  been invest igated  in  
references 1 2  and 13. Sufficient  equations are available t o  determine 
by a rei terat ion  process  values f o r  the angle  of  incidence,  the  displace- 
ment of the stagnation  streamline  (or  spFuage),  total-pressure  recovery, 
and the ef fec t ive  Mach  number behind the bow  wave a t  a given  upstream 
Mach number. To determine  the  total-pressure  recovery  over  the normal 
shock, it is necessary  to  determine the var ia t ion of Mach  number ahead 
of the normal  shock. After the va r i a t ion   i n  Mach  number is determined, 
increment losses  are summed over the passage  entrance. The to t a l -  
pressure  recoveries  in the bow  wave and the n0rmaI"shock extension are 
combined such that the normd  shock  and the bow  wave are spaced the 
same distance from the blade leading edge. The following  discussion 
deals with the details and results of this computation. 

Bow-Wave Total-Pressure  Recoveries 

The total-pressure  recovery of the assumed bow  wave is related t o  
the magnitude of  the sp i l lage  .s and to   the  upstream fLow di rec t ion  by 
the following two equations  derived from the  requirement f o r  continuity: 

(eq. (B2), ref. 6) . Equation (Bl) can be solved  for 8 , which 

Was defined as the   sp i l lage  s, since (Acr/A)a, COS and C 0 8  Be a r e  
known from the geometry  and the set upstream  conditions, (&,/A), can 
be  compute8 f'rom the required  expansion f'rom pa t o  Be, and Pb/P, is 
i n i t i a l l y  assumed equal  to 1.0. The total-pressure loss pb/Pa a c r o s ~  
the bow-wave conflguration is  determined from the sp i l lage  and.  Mach 
number & according  to the equation  (eq. (3), ref. 12 ) :  

2Yc.r - cos Be 
21 



NACA RM E54G27a - . 19 

The term ( - 2)d @" i s  a function of the Mach number E$. o n l y  

(M, = MI of r e f .  12) and has been evaluated  over the desired  range 
of Mach  number ( r e f .  12 ) .  Since s wa6 calculated From equation (BI) , 
Pb/P, can . be . obtained . . . . . . f r o m  equation (B2). The computation  procedure 
can  then be repeated  using the recovery  for tlie bow wave. The e f f ec t  
of the  recovery  through the bow  wave is considered  by  assuming that +he 
effective Mach nmiber behind the bow wave can be obtained  from the r a t i o  
(Am/A)b as given i n  the following  equation: 

7 
u w 

The b conditions &e considered  as the effective Fonditions  behind the 
bow wave, and Isentropic  expansion from & t o  Be is used t o  determine 
the flow conditions a t  e. 

This computational  procedure may be repeated until the value of 
spillage, total-pressure  recovery,  and Mach  number on the suction sur- 
face  are  all s a t i s f i e d   i n  the equation  used. This c m u t a t i o n  wag 
carr ied  out   for  a range of  suction-surface  incidence angle and Mach 
number. 

- An example of these comgutations is shown in f igure 14 where the 
total-pressure  recovery,  spillage,  and  suction-surface Mach  number 
are plotted  against   suction-surface  incidence angle i (i = pa - pel 
f o r  an i n l e t  Mach nmiber of 1.5 and a design  entrance f l o w  angle of 
Be = 63.35'. The total-pressure  recovery is 1.00 at the design flaw 
angle ( i  = 0) and falls off very rapidly as the suction-surface  incidence 
angle  increases  (being  about 0.923 at i = 6.0'). The sp i l lage  s varies 
from 0 t o  0.125 over the previously  considered range (i = Oo t o  6 .Oo) . 
The Mach number on the suction surface of the blade increases from 1.5 
t o  about  1.552 at an  incidence angle of about 4.65O. At this  point,  
however, the l o s s e s   i n  the bow  wave  become la rge  enough t o  o f f s e t  the 
e f f ec t  of the expamion,  and the suction-surface Mach nuuiber no longer 
increases. This point may represent the limit of r e l l a b i l i t y  of the 
assumgtions made i n  this  camputation. 

Total-Presdure Recovery Over Normal Shock N e a r  Passage  Entrance 

Besides the total-pressure  recovery  in  the bow wave, the losses  i n  
the assumed normal shock near the passage  entrance  section must be de- 
termined. This normal  shock KLIl be considered as an  extension of the 
bow wave as ind ica ted   in  figure 13. With the type of blade  (compression 
ahead of the  passage.closure) used i n  this investigation, the Mach 

# 
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n&er along this normal  shock wave varies from the suction-surface Mach 
number Ma t o  some rather low value.  To approximate the losses  over 
t h i s  normal shock, the dis t r ibu t ion  of Mach  number i n  this region w i U  
be determined. 

w 

To map the Mach number d i s t r ibu t ion   i n  the entrance  region, a i 

coordinate system was established with the x-axis  coincident w i t h  tihe 
suction  surface of the blades. From the blade coordinates a curve  of 
blade thickness  could  then be p lo t t ed  above the coordinate axis t 
and the slope  of  the  suction  surface 6 r e l a t i v e   t o  the coordinate axis. 
Increments of the blade surface  slope were then  selected (l.Oo i n  this 
case) at which the conq?ression wave angle 8 could be determined fo r  
the Mach  number at the given  point. The Mach  number can be determined 
and i s  constant along this wve  f ront ,  which has an  absolute  slope 
8, =I (e, + 6n-l> at the  given  intervals.   he equation  for these com- 
pression waves then can be expressed as 

i 
c 
c 

. . - . . - . . . . . .. . 

This equation  can then be solved  for x at the desired v a l u e s  of y .  
This process was carr ied  out  for ;increments o f  blade slope 6 and for  
y,  and the Mach  nuuiber d i s t r ibu t ion  with a suction-surface Mach  number 
M, of 1.5 i s  shown fo r   t he .o r ig ina l   ro to r  blades used. i n  this investiga- 
t i o n   i n  figure 15. The change i n  Mach  number near the compression raw 
(y = 0.1 in.} is very  gradual from the upstream Pllach number M, t o  the 
Mach  number a f t e r  the compression ramp ( i n  this case, M, is decreased 
t o  near 1.0) . However, the change in Mach punpber i s  very  rapfd  new 
the next  blade  (i.e . , y = 0.6 in.) . The f a c t  that these  curves become 
vertical  indicates  coalescence of the waves and a resul tant   s t rong 
shock. 

The total-pressure-recovery  over t h i s  assumed normal  shock  can then 
be determined at any desired value of x by summing the incremental 
total-pressure  recoveries.  It was noted above that the Mach  number curves 
became ve r t i ca l  a t  some points  and that this indicates  coalescence.  For 
these  conditions the normal-shock recovery was obtained  for the increased 
Mach number a t  the point at which coalescence was obtained. 

The total-pressure  recovery is plo t ted   aga ins t   d i s tance   for   severa l  
values of spillage for  the  original.  ro tor , - in  fiaure-_1_6_.F.or zero. s p i l l -  
age the. totsl-pressure  recovery  over t h i s  ,regign.-varies from 0.9915 at 
x = 1.35 inches  to  about 0.9575 at x = 1.0 inch. As the percent spill- 
age s is increased,  the  recovery  over  this  region is increased as a 
result of removing a portion  of the f i e l d  over which  low recovery  ie 
obtained. 

" - 

. . . .i 

. 
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Total-Pressure Recovery of Entrance  Section  and Flow Conditions at 

Minimum-Area Section 

21 

Two. contributing  factors to the total-pressure  recovery (bow-wave 
recovery  and  the  extending normal shock  near the passage  entrance) have 
been considered.sep8rately  and were computed over the desirable range of 
conditions. It was necessary  to combine these two solutions at the 

b.3 proper  conditions  to  determine the cascade  performance. The assmptions 
cn pertaining  to  the bow wave relate the  spil lage  value  to the distance the 
03 bow wave may extend ahead of the rotor  blacks and are  given  on  figure 3 
03 

of reference 13. It was assumed that the bow-wave solutibn  then  located 
the normal  shock and that the coalescence was not  appreciably  affecting 
the locat ion of the shock  system. Thus, by picking  an inlet flow condi- 
tion and  determining  the loss in  the  normal shock  near the  entrance  sec- 
t ion   for  the Mach  number  on the suction  surface of the b lade  and the 
shock location  indicated,  the total-pressure  recovery  over the normal 
shock was computed and combined with the bow-wave total-pressure re- 
covery to obtain the total-pressure  recovery  over the entrance  region of 
the cascaae. With th i s  total-pressure  recovery, the flow conditions at 
the minimum-area sect ion of the ro tor  can be determined by the following 
equation  (eq. (B3) of ref. 6):  

From this equation, (+,/A) can  be  determined. If the calculated  value 
of (ACr/A), i s  greater  than 1.0, the losses  axe such that the flow can- 
not pass through the minimum section, and, consequently, the  assumed 
upstream conditions  could  not be established. On the other hand, if 
(Acr/A)c is less than 1.0, tm interpretat ions a r e  possible: (1) it 
can  be assumed that the total. minimum mea is effective,  and thus 

(2) It might be assumed that the minimum-a;rea sect ion is not  being 
utilized  completely because of boundary-layer build-tzp or  flow separa- 
t ion  and that the f l o w  Mach  number at the minimum sect ion is very  nemly 
1.0. Then the term can be considered as the f r ac t ion  of the 
minFmum area that is effective. True  conditions  undoubtedly l i e  some- 
where between these two cases, b u t  f o r  the purpose of this analysis the 
latter case seems t o  be the better assumption. 

" 

can be  used t o  determine the minimum section Mach umber. 
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plgure 1. - Application of spihd-diffuser principle t o  cascada of blades. 

.. .. . .. . .  . . . .-. . 

ESEE 
. . .  . .  



XACA RM E54GVa ILI 25 

Tip I Pitch 

0.732 

0.730 
1600 ft/sec 

1.71 

3OO * 
64O42' 

0.830 

0.497 

0.242 
73% ' 

60'54 ' 

, 
0.737 

0.719 

1.64 

12930 * 
6400' 
0.693 

I 

0.522 

0.264 

67038 ' 
I 

59O41' 

0.752 

1.67 1.61 
160 ft/sec 1 1 2 0 0  ft/sec 

0.659  0.676 

0.661 

26OO ' 300' 

65% ' 6 e 2 7  ' 
0.687 0.827 

0.472 0.500 

0.252 

72'52 I 85% ' 
0.243 

I 

51046 ' 60054 

0.656 

1200 ft/etc 1400 ft/sec 
0.621 0 . a 6  

0.680 

1.56 1.52 

looll~ 

e 5 7  I 65033' 

. 2400 ' 

0.691 

0.269 0.278 

0.505 0.539 

0.582 

66'46 ' 
57046 59O41* 
62%8 



26 

C h 

O.Oo0 0.008 
.243 .022 
'500 .OS 
* 600 -020 
.700 .OS 
.m .042 
.So0 .055 
1.ooO .072 
1.100 .093 
1.200 .n7 
1.500 .1s9 
1.4CQ 
1.500 

2.500 

3.000 
.0125 

O.Oo0 
.5o0 
.goo 
1.ooO 
1.200 
1.800 
2.987 

0.002 
.om 
.a2 
,045 
.045 
.OS 
.0125 

(a) configmation. 

Figure 3. - Skatch of design flow conf'lguration and blade coordinates for =-inch 
exkmal-ccanpreseion supersonic-compreemr rotor at pitch section. 
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(b) m i e d  configuration. 

Figure 3. - Concluded. Sketch of &sign flow configuration and blade coordinate6 f o r  
16-inch  external-compression supereonic-canq?ressor rotor 8t pitch  section. 
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- 
Figure 4. - 16-Inch eupereollic-compre6sor rotor with erternal compreselon. 
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(b) Modified entrance section. 

Figure 7 .  - Concluded. Performance characterietice of IS-inch ehock-Fn-rot- 
type aupersonic-compreeeor rotor aomponent with external Ccqpre130iULI. 
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(a) Original rotor. (b) Modified r o t o r .  

Figure 10. .- Relative outlet canditiona for original and modified external-compression 
r o t o r s  at design speed and maximum pressure ratio at maximum weight flow (points A 
and B of fig. 7). 
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Figure 14. - Computed conditione for bow wave over range of auction- 
surfaoe inuidence angle far original 16-lnch external-oanpreaeion 
supersonic-ccdnpreseor rotar .   Inlet  &oh number, 1.5; deeign 
entrance flow angle, 63.35'. 
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